Seven closed-chest dogs were anesthetized with intramuscular Innovar and a N20/02 gas mixture. Maximal coronary vasodilatation was induced by intra-aortic injection of nitroglycerin (200 ,ug/kg) and continuous infusion of adenosine (1 mg/kg/min) into the main pulmonary artery. Superselective coronary arteriograms were obtained at varying distances along the left circumflex and left anterior descending coronary arteries during scans using the dynamic spatial reconstructor rapid tomographic x-ray scanner. At end-diastole the images of the coronary arteries and opacified myocardium were analyzed for cross-sectional area (CSA) of the coronary artery lumen and regional myocardial volume (Vdsr) perfused by that coronary artery. Postmortem regional myocardial volume (Vpath) was related to the volume perfused by the same artery measured in vivo by the dynamic spatial reconstructor as follows: Vdsr = 4.56 + 0.93 Vpath (r = .98, p < .001). In addition, the cross-sectional area of the coronary artery supplying a volume of myocardium was related to that volume as follows: Vdsr = -1.95 + 6.34 CSAmax (r = .88, p < .001). This suggests that a maximally dilated coronary artery luminal cross-sectional area is linearly related to the volume of muscle it perfuses. We speculate that this relationship may be useful in expressing the physiologic significance of coronary arterial narrowing.
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Circulation 74, No. 1, 157-163, 1986. IT HAS BEEN reported that extent of depression of cardiac function in patients with myocardial infarction relates to the amount of myocardium that is infarcted. 1 2 Therefore, it might be important to estimate the volume ofjeopardized myocardium before myocardial infarction occurs.
The primary aim of this study was to evaluate how accurately estimates in vivo of regional myocardial volume perfused by a selected coronary artery could be made. For this purpose we used the multiple x-ray tube, high-speed computed tomographic scanner known as the dynamic spatial reconstructor (DSR). 3 The secondary aim of this study was to establish whether or not there was a predictable relationship between the regional myocardial volume perfused and the cross-sectional area of the maximally dilated coronary arterial branch that perfuses the volume. For these studies we used closed-chest anesthetized dogs.
Methods
Preliminary study to establish drug infusion regimen to achieve maximum dilatation of epicardial and intramyocardial coronary arteries. Maximum dilatation of the coronary circulation was desired so as to reduce variability of vessel cross sections due to uncontrolled vasospasm and to enhance the delivery of radiopaque medium to the myocardium.
Mongrel dogs were anesthetized with Innovar (fentanyl and droperidol) and a 2:1 N20/02 gas mixture and the airway of each was intubated for controlled respiration with an artificial respirator (Harvard App. model 607). Cardiac catheters were inserted via branches of the external jugular vein, external carotid artery, and femoral artery for positioning as follows: a bipolar pacemaker catheter in the coronary sinus, a radiolucent catheter (No. 6F) in the main pulmonary artery for the continuous constant-rate infusion of adenosine (Harvard App. pump model 600), a Rodrigues catheter (No. 7F) in the left aortic sinus just above the aortic cusp (for injection of a bolus of nitroglycerin and injection of the nonionic contrast medium iohexol), and a radiolucent No. 6F catheter in the ascending aorta for pressure measurement.
Each dog was positioned within a regular biplane x-ray system (GE Fluoroscope 300) and the heart was paced at 120 or 112.5 beats/min. We performed single-plane nonselective left coronary arteriography by injecting iohexol (1 ml/kg body weight) into the left aortic sinus under each of the following conditions: (1) Control condition (no drugs). (2) Five minutes after the start of each infusion of adenosine. The infusion of adenosine was increased progressively from 0.05 to 0.1 to 0.5 to 1.0 to 5 mg/kg/min, with a washout period of 10 min before the next concentration was infused. (3) Five minutes after a bolus injection of nitroglycerin into the left aortic sinus. The doses of the nitroglycerin were 10, 50, 100, 200, 500, 1000, and 5000 pg/kg. A washout period of 30 min before each subsequent bolus injection of nitroglycerin was allowed.
X-ray plates were exposed in synchrony with the electrocardiographic QRS complex. From these x-ray plates, we measured diameters of the proximal coronary artery at the midpoint between the coronary ostium and the origin of posterior descending coronary artery, just proximal to the point of origin of the posterior descending coronary artery, and approximately 5 mm distal to the first diagonal branch of the left anterior descending artery. For these measurements we magnified the x-ray image four times and used the known diameter of the tip of the bipolar pacing electrode to estimate the absolute dimensions of these lumens.
From this preliminary study, the dose-to-diameter relationship at different doses of adenosine and nitroglycerin was established for this experimental preparation. From these data, we decided that the optimal dose for maximum dilatation of the coronary artery was 1.0 mg/kg/min of adenosine by continuous intrapulmonary arterial infusion plus 200 gg/kg of nitroglycerin by bolus injection into the left aortic sinus.
DSR studysurgical procedure Preparation. We used seven adult mongrel dogs (body weight from 18 to 36 kg; 27.7 + 5.6 kg, mean + SD). The dogs were anesthetized with Innovar (0.4 mg fentanyl and 20 mg droperidol per ml) plus a 2:1 N20/02 gas mixture. The electrocardiogram was monitored with limb leads. Respiration was maintained with an endotracheal tube and a Harvard constant-volume respirator. A bipolar pacing catheter was positioned via the external jugular vein with its tip in the coronary sinus. Via branches of the external jugular vein, two catheters were positioned with their tips in the main pulmonary artery and in the right atrium. The catheter tip (No. 6 radiolucent) positioned in the pulmonary artery was connected to the continuous constant-rate infusion pump (adenosine), as described in the preliminary study. The other catheter (No. 7 or 8 Rodrigues) was used for injection of contrast medium (Renovist). Another Rodrigues catheter (No. 7 or 8) was inserted through a branch of the left common carotid artery to allow the tip to be positioned in the left aortic sinus. This catheter was used for the monitoring of aortic pressure, for the bolus injection of nitroglycerin, and for nonselective coronary arteriography at the end of the experi-FentanylJ droperidol N20/02 anesthesia Artificial respiration
Catheters inserted
Intra RA contrast medium injection for right and left ventriculography ment. A balloon catheter (Fogarty occlusion catheter, No. 7F or 8F) was inserted through the femoral artery and advanced until the balloon resided in the descending aorta at the level of the diaphragm. Finally, we inserted a birdseye catheter (No. 3F or 4F) into the distal part of the left coronary artery. By monitoring the electrocardiographic pattern, the catheter tip pressure, and the rapidity of the runoff of contrast medium at test coronary angiography, we confirmed that the catheter tip did not occlude the coronary lumen.
Experimental procedure (figure 1). Each dog was then positioned supine in the DSR scanner so that the heart was centered in the imaging field. The pacing rate was fixed at 112.5 or 120 beats/min.
A continuous constant-rate infusion of adenosine (1 mg/kg of body weight/min) was started 30 min before each DSR scan. We also gave a bolus injection of nitroglycerin (200 ,g/kg) through the catheter in the left aortic sinus 5 min before each DSR scan. This catheter was also used for monitoring the aortic pressure.
At the first scan, contrast medium (2 mg/kg Renovist) was injected as a bolus into the right atrium with a pneumatic power injector. This scan sequence involved recording 60/sec scans over a period of approximately 10 sec so as to include both the dextrophase and levophase of the resulting angiogram.
A sequence of DSR scans was then obtained during selective coronary angiography with the catheter tip positioned at various distances along the coronary artery. Angiograms were obtained with the injection catheter tip placed in at least three positions (distal to proximal) in the left anterior descending or left circumflex coronary artery. We used 6 ml of contrast medium (iohexol) injected by hand over the duration of the scan. These scans lasted 10 sec and included the coronary arterial phase and myocardial blush phase.
The last scan of each study sequence was obtained during the injection of iohexol into the left aortic sinus by repositioning the catheter previously used for selective injections. This scan also lasted 10 sec. For all scans, respiration was arrested by opening the airway to atmosphere and aortic pressure was maintained at control (preadenosine) levels during the DSR scans by partially inflating the balloon positioned within the descending aorta.
Each DSR scan involved sequential pulsing of 14 x-ray sources within 11 msec and this sequence of exposures was repeated 60 times per second over the 10 sec duration of the scan sequence. X-ray voltage was set at 105 to 110 kV, with x-ray current ranging from 470 to 590 mA, depending on the size of the dog.
After the scan sequence was completed, each dog received a fatal dose of sodium pentobarbital intravenously and the heart of each was removed for postmortem evaluation.
Image reconstruction and analysis Image reconstruction. The images generated by the 14 television cameras on the DSR were digitized with an 8-bit, 10 MHz analog-to-digital converter before filtered backprojection reconstruction of images of multiple, parallel, less than 1 mm thick transverse cross sections. The reconstruction was selected to be at end-diastole (the interval starting 50 msec preceding the R wave of the electrocardiogram up to the R wave). Postscan manipulation of the reconstructed image data was used to generate (by interpolation) cubic voxels with voxel volumes ranging between 0.41 and 0.93 mm3, depending on the size of the dog.
Volume images thus calculated from the dextrophase and levophase of the scan sequence were generated for all cardiac cycles in which good opacification by the contrast medium of the ventricular cross sections, coronary arteries, or myocardial blush was apparent. With the use of these data (usually six or seven sequential end-diastoles), the dextrophase and levophase were each summed (gated) to obtain single images for the cardiac chambers, the coronary angiogram, or the myocardial blush.
The resulting two gated volume images of the dextrophase or levophase were then added4 to obtain a single volume image in which both the left and right ventricular chambers were opacified. This image was then used to identify the endocardial and epicardial surfaces of the left and right ventricular chambers. These data were used to identify the endocardial outline by superimposition of this image on the selective coronary angiographic and aortic sinus scan images.
The first four to six cardiac cycles of the coronary angiographic scan data were used to provide dimensional measurements of the coronary arteries. The myocardial blush phase was obtained from the last six or so cardiac cycles of the coronary arteriographic scan to ensure that myocardial staining was clearly demonstrated.
Image analysisvolume ofopacified myocardium. To delineate the margin of the regionally opacified myocardium, we positioned a number (from 10 to 1 8, depending on the size of the heart) of small circular regions of interest (ROI) in each image of the transverse slices encompassing the apical-to-basal extent of the left ventricle. These ROTs were arranged equispaced around the circumference of the myocardium, as shown in figure 2 .
We measured the image brightness of each picture element (voxel) within each of these regions. Using these values, we calculated the average value of the brightness plus the standard deviation in the region that could be clearly detected as nonstained myocardium and the average value of the brightness minus the standard deviation in the regions clearly detected by visual inspection to be stained. We next computed the image windowing (segmentation) threshold value that separated the stained (blush) from the nonstained (nst) myocardium in each image of the 50 to 100 slices on the entire apical-to-basal extent of the left ventricle, as follows:
where Tseg is desired segmentation threshold value to separate nonstained from stained myocardium, m is the number of ROTs in the obviously nonstained area, and n is the number of ROTs in the obviously blush area. Using this segmentation threshold value we could compute the total number of voxels with brightness values exceeding this threshold value. The total number of these voxels, multiplied by the voxel volume, provided the estimate of the volume of regional myocardium perfused by the selectively opacified coronary artery. Image analysis cross-sectional area of the coronary artery. To measure the cross-sectional area of the coronary arterial branches, we used the method described by Block et al. 5 Briefly, this involved indicating on the tomographic images the spatial coordinates of cross sections of the desired coronary artery. With a string of these coordinates, cross-sectional images at right angles to the centerline coordinates of the selected segment of the artery were computed.
To ensure that the correct segment of a coronary artery was selected, we used the three-dimensional varifocal mirror dis-play6 or a projection image7 of each coronary angiogram. The Circumferential Location cross-sectional area of the artery was estimated with use of the area brightness product (ABP) and border detective (BDA) methods.8 Using the BDA method, we measured the absolute value of the cross-sectional area of the contrast-filled left aortic sinus from an image obtained during the aortic sinus scan. This absolute value was then used to calibrate the ABP value of that same cross section. This calibration was then applied to the smaller, more distal coronary arterial ABP values.
The postmortem measurements of regional myocardial volume obtained independently at the pathologic department. The heart was moistened in saline and stored for 36 to 48 hr until all postmortem rigor of the coronary arteries disappeared. Left and right coronary stereoangiograms were obtained at a mean coronary perfusion pressure of 110 mm Hg.9 After the postmortem angiograms of the undissected hearts were obtained, the hearts were chilled at 50 C for 1 hr and unrolled by the method of Schlesinger.10 Additional multiple angiograms were made of the unrolled myocardium. Each heart was then fixed in the unrolled state by pinning the flattened heart to a corkboard and immersing it in 10% formalin. All the postmortem coronary angiograms were used along with the varifocal mirror display or projection image of each DSR scan to ensure that the correct injection site along the coronary arterial tree was identified for analysis of the DSR scan data.
The remaining processing of the heart was done by modification of the methods described by Scheel et al. 1 After the heart was fixed, multiple angiograms were obtained. Using the DSR images and the postmortem angiographic images an accord was reached between investigators concerning the exact position of the tip of the catheter during each stage of the experiment. These positions were marked on the postmortem angiogram and served as a permanent record.
It should be emphasized that the angiogram of the unrolled heart not only provides an image of the coronary arterial tree without superposition of vessels but also provides a map of the myocardium that associates the vascular tree with specific adjacent regions of myocardium. Thus, by these procedures we could identify, cut out, and weigh any portion of the ventricles related to the distal arborization at any point (in this case the location of the coronary catheter tip) in the coronary circulation.
This was defined as the arterial territory. To calculate regional myocardial volume, the weight of a respective arterial territory was divided by the estimated specific gravity of the myocardium (1.05 g/cm3). The postmortem evaluation was performed by one of us (R. C. B.) without knowledge of the value of the perfused myocardial volume estimated from the DSR image.
Results
Reproducibility of estimates of myocardial volume perfused by superselectively opacified coronary arteries was tested by analyzing four angiograms from each of four sites. For the mid left circumflex injection site the mean ± SD volume perfused was 43.3 + 2.1 tnl (42.5 ml postmortem), for the proximal left circumflex injection site it was 50.9 ± 5.0 ml (46.5 ml postmortem), for the distal left anterior descending injection site it was 13.4 + 0.3 ml (1 1.4 ml postmortem), and for the proximal left anterior descending injection site it was 22.4 + 0.4 ml (21.4 ml postmortem).
Myocardial areas stained by the selectively injected roentgen contrast medium were clearly delineated from the nonstained areas in each image of the parallel slices ( figure 3 ). In figure 4 the brightness values of the ROIs in several cross-sectional images of slices extending over the apical-to-basal extent of the left ventricle are displayed as a function of circumferential location within selected slices. The segmentation thresholds for all slices are around 520 brightness units in this particular scan. When we compared the regional myocardial perfused muscle volume estimated from the DSR (Vdsr) study with that estimated from the postmortem (Vpath) specimen, we found a statistically significant, linear correlation ( figure 5 ) with a regression equation of Vdsr = 4.56 + 0.93 Vpath (relationship 1; r = .98, p < .001, n 28).
Long Axis S%ctian (C. D)
Short Axis Setion (A-8) In one experiment, we could not measure the crosssectional area of the coronary arteries because the angiographic scan of the aortic sinus, needed for calibration, was unsatisfactory.
We observed a linear relationship between the volume of regional myocardium perfused and the crosssectional area (CSAmax) of the coronary arterial branch that perfused the myocardial volume ( figure 6 ). The regression equation was Vdsr = -1.95 + 6.34 CSAmax (relationship 2; r = .88, p < .001, n = 25). 
Discussion
The results of this study indicate that multiple parallel tomographic images of the heart in situ can be used to quantitate regional myocardial volume perfused by a selectively injected coronary artery. Recently developed radionuclide and echocardiographic imaging methods can provide information about myocardium at risk. 12-14 Reports in the literature on estimates of the volume of myocardium perfused by a coronary artery have generally been aimed at measuring the relative size of regions infarcted and at risk of being infarcted. This has involved use of postmortem stereoangio-grams15 to define the risk zone and use of gross pathologic, histologic, and staining techniques to define the infarcted zone. 16 Another method is to generate a negative image of the risk zone by delineating the regions 50k 1. stained by the nonoccluded vessels with indicator dye. 17 The method described in our study more closely resembles the method used by Schaper et al., although our study was not intended to quantitate risk zones. Of central importance to our approach is that the segmentation threshold be calculated in an objective and reproducible manner. The method described here is objective in that selection of the threshold value depends only on the arithmetic mean computed from the image brightness in the clearly opacified and the clearly nonopacified regions of the myocardium. The investigator did not, at any stage of analysis, make a decision as to the position of the boundary between the opacified and nonopacified region. This is an important factor because even small changes (e.g., as small as 5%) in the selected segmentation threshold result in major changes in estimated myocardial volume. This variation is probably due to several factors, including noise in the reconstructed image and partial volume blurring of the image. This linear relationship between perfused muscle volume and cross-sectional area of the lumen of the supply vessel, plus the rather uniform perfusion of myocardium at any time, suggest that velocity of flow in the vessel should be largely independent of the maximally dilated vessel's cross-sectional area (or distance along the vessel) as it proceeds peripherally. which is true if Vdsr >20 ml, in which case CSAmax -3.5 mm2, i.e., a vessel >2 mm in diameter.
From this relationship it follows that velocity of blood flow along fully dilated coronary arteries is constant because flow/(muscle volume) is generally a constant under any one physiologic condition (e.g., 5 ml/min/g when maximally vasodilated). Thus, differences in velocity (estimated by measuring the distance a bolus of contrast medium travels along all coronary arteries within one cine or videoframe interval'8 19) should be a reasonable index of differences in perfusion for different branches of the arterial tree.
In clinical situations other than those of therapeutic intervention, it is unlikely that a superselective injection of contrast medium is warranted. Hence, the decreased or delayed opacification of the volume of myocardium perfused by a coronary artery beyond a stenosis should be useful to help discriminate the volume of myocardium perfused by a coronary arterial branch from the surrounding myocardium. This is the subject of another study.
In clinical coronary angiography, percent stenosis of a coronary artery is generally calculated as the ratio of the diameter (or area) of the maximally narrowed lumen divided by the diameter (or area) of the apparently normal lumen immediately upstream. However, in those instances in which there is diffuse narrowing this may not be a functionally meaningful calculation.
Our experimental study demonstrates a linear relationship between the cross-sectional area of the coronary artery (under pharmacologically induced maximally dilated conditions) and the regional myocardial volume perfused by that artery. If this linear relationship is also found in humans and is quantitatively similar, the physiologic significance of a coronary artery' s cross-sectional area, whether it be diffusely narrowed or locally stenosed, could perhaps be expressed as the percent of cross-sectional area predicted from the volume of myocardium perfused.
